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We investigate the spin relaxation and spin dephasing of n-type GaAs quantum wells. We obtain
the spin relaxation time T1, the spin dephasing time T2 and the ensemble spin dephasing time T
∗
2
by solving the full microscopic kinetic spin Bloch equations, and we show that, analogous to the
common sense in an isotropic system for conduction electrons, T1, T2 and T
∗
2 are identical due to
the short correlation time. The inhomogeneous broadening induced by the D’yakonov-Perel term is
suppressed by the scattering, especially the Coulomb scattering, in this system.
PACS numbers: 72.25.Rb, 71.10.-w
Much attention has been devoted to the spin degree of
freedom of carriers in zinc-blende semiconductors, both
in bulk systems and in reduced dimensionality structures,
like quantum wells and quantum dots. Understanding
spin dephasing and spin relaxation of carriers in these
systems is a key factor for the realization of high quality
spintronic devices.1,2,3,4 Of special interest is the calcu-
lation of quantities known as spin relaxation time, T1,
and spin dephasing time, T2. T1 is defined as the time it
takes for the spins along the longitudinal field to reach
equilibrium. Therefore, it is related with the relaxation
of the average spin polarization. On the other hand, T2
is defined as the time it takes for the transverse spins,
initially precessing in phase about the longitudinal field,
to lose their phase.4 In general T2 ≤ 2T1, and T1 = T2
is believed to be true when the system is isotropic and
the correlation time for the interaction is very short com-
pared with the Larmor period.5,6
A qualitative reason for T1 = T2 is that if the corre-
lation time is short compared with the Larmor period
the interaction with the magnetic fields is not affected
by a transformation into a coordinate system rotating at
the Larmor frequency. The surrounding seems isotropic
and the rate of decay will be the same for all directions.
Therefore, longitudinal and transverse relaxation times
will be the same. Hence the decay of the spin signal will
be the same in all directions and T1 equals T2, as argued
in Ref. 5. For several years T1 and T2 where considered
as the only important factors describing the spin dynam-
ics under external fields.
In recent years, however, many experiments have been
performed reflecting the dephasing process of the ensem-
ble of electrons, instead of the dynamics of a single one.7
In fact, electrons with different momentum states have
different precession frequencies due to the momentum
dependence of the effective magnetic field acting on the
electron spin, and this inhomogeneity of precession fre-
quencies can cause a reversible phase lose. A parameter
name, T ∗2 , was coined to describe the dephasing process
associated to this inhomogeneous broadening of the pre-
cessing frequencies.
Wu et al. have already shown that in the presence of
this inhomogeneous broadening, any scattering, includ-
ing the spin-conserving scattering, can cause irreversible
spin dephasing.8,9,11 This fact leads to the belief that,
in general, T ∗2 ≤ T2. However, for conduction electrons
T ∗2 = T2 is known to be a very good approximation
because the inhomogeneous broadening is always inhib-
ited by the relatively strong scattering existing in the
system.13
In this paper, we investigate the spin relaxation and
dephasing of electrons in n-type GaAs quantum wells
(QWs) grown in the (100) direction, considered to be
the z axis. The width of the well, a, is assumed to be
small enough for having just the lowest subband occu-
pied. A moderate magnetic field B is applied along the
x axis (in the Voigt configuration).
We calculate T1, T2 and T
∗
2 of the electron by numer-
ically solving the kinetic spin Bloch equations includ-
ing scattering by phonons and impurities, besides of the
Coulomb scattering due to electron-electron interaction.
Then we show that T1, T2 and T
∗
2 are identical in these
QWs, as the scattering here is relatively strong.
In the present full microscopic treatment we associate
the above parameters with the decay slope of the enve-
lope of ρk,σσ′ , the single-particle density matrix elements:
(i) T1 is determined from the slope of the envelope of
∆N =
∑
k
(fk,↑ − fk,↓) ; (1)
(ii) T2 is associated with the incoherently summed spin
coherence12
ρ =
∑
k
|ρk(t)| ; (2)
(iii) Finally, T ∗2 is defined from the slope of the envelope
of the coherently summed spin coherence
ρ′ = |
∑
k
ρk(t)| . (3)
2In these equations ρk,σσ ≡ fk,σ describes the electron
distribution functions of wave vector k and spin σ. The
off-diagonal elements ρk,↑↓ = ρ
∗
k,↓↑ ≡ ρk describe the
inter-spin-band correlations for the spin coherence.
With the DP term14 included, the Hamiltonian of the
electrons can be written as:
H =
∑
kσσ′
{εkλδσσ′ + [gµBB+ h(k)] ·
σσσ′
2
}c†kσckσ′
+HI . (4)
Here εk = k
2/2m∗ is the energy of the electron with
wave vector k. σ represents the Pauli matrices. For
wide-band-gap semiconductors such as GaAs, unless a
very large bias voltage is applied,15 the DP term has its
major contribution coming out of the Dresselhaus term.16
Then, we have:
hx(k) = γkx(k
2
y − 〈k
2
z〉) ,
hy(k) = γky(〈k
2
z〉 − k
2
x) ,
hz(k) = 0 . (5)
Here γ = (4/3)(m∗/mcv)(1/
√
2m∗3Eg)(η/
√
1− η/3),
η = ∆/(Eg + ∆) in which Eg denotes the band gap,
∆ represents the spin-orbit splitting of the valence band,
m∗ stands for the electron mass in GaAs, and mcv is a
constant close in magnitude to free electron mass m0.
In the infinite-well-depth approximation, 〈k2z〉 is (pi/a)
2.
The interaction HamiltonianHI in Eq. (4) is composed of
the electron-electron Coulomb interaction, electron-AC-
phonon scattering and electron-LO-phonon scattering, as
well as electron-impurity scattering. Their expressions
can be found in textbooks.17
We construct the many-body kinetic spin Bloch equa-
tions by the non-equilibrium Green function method18 as
follows:
ρ˙k,σσ′ = ρ˙k,σσ′ |coh + ρ˙k,σσ′ |scatt . (6)
Here ρ˙k,σσ′ |coh describes the coherent spin precessions
around the applied magnetic field B in the Voigt configu-
ration, the effective magnetic field h(k), and the effective
magnetic field from the electron-electron Coulomb inter-
action in the Hartree-Fock approximation. This coherent
part can be written as:
∂fk,σ
∂t
∣∣∣∣
coh
= −2σ{[gµBB + hx(k)]Imρk + hy(k)Reρk}+ 4σIm
∑
q
Vqρ
∗
k+qρk , (7)
∂ρk
∂t
∣∣∣∣
coh
=
1
2
[igµBB + ihx(k) + hy(k)](fk,↑ − fk,↓) + i
∑
q
Vq[(fk+q,↑ − fk,↓)ρk − ρk+q(fk,↑ − fk,↓)] , (8)
in which Vq denotes the Coulomb potential and its ex-
pression can be found in Ref. 10. In Eq. (6) ρ˙k,σσ′ |scatt
denotes the Coulomb electron-electron, electron-phonon
and electron-impurity scattering. The expressions for
these scattering terms and the details of solving these
many-body kinetic spin Bloch equations are laid out in
detail in Ref. 10.
We numerically solve the kinetic spin Bloch equations
and obtain temporal evolution of the electron distribu-
tion fk,σ(t) and the spin coherence ρk(t). The material
parameters of GaAs in our calculation are the same with
the parameters in Ref. 10. In our calculations the width
of the QW is chosen to be 15 nm; the initial spin po-
larization Pλ = ∆N/N is 2.5 % and the magnetic field
B = 4 T.
In Fig. 1 we show the typical evolution of ρ, ρ′ and ∆N
for T = 120 K, the total electron density N = 4 × 1011
cm−2 and the impurity density Ni = 0. It is seen from
the figure that ρ, ρ′ and ∆N are all oscillating due to
the presence of the magnetic field in Voigt configuration.
From the envelope of ρ and ∆N , we see that T1 = T2.
This result can be understood as a consequence of the
momentum relaxation time here being less than 1 pi-
cosecond. This is several orders of magnitude smaller
than the period of the effective Larmor precession in-
duced by the DP term [2pi/|h(k)|]|k=kf = 26 ps, as well
as the Larmor period of magnetic field 2pi/ωB = 40 ps.
Therefore, in the condition of impurity-free n-type GaAs
quantum wells, the system is visibly isotropic in the x-y–
plane and the rate of decay of spin signal has the same
speed in all directions since the correlation time is short
compared with the Larmor period.
We can also observe from Fig. 1 that the incoherently
summed spin coherence and the coherently summed spin
coherence (solid and chained curves) are almost identi-
cal, which means T2 = T
∗
2 . This result indicates that the
inhomogeneous broadening induced by the DP term is
totally suppressed by the strong scattering coming out of
the electron-electron and electron-phonon interactions.
To reveal this effect, we investigate the time evolution
of electrons in different momentum states, which have
different precession frequencies in the presence of the
DP term. This inhomogeneity of precession frequencies
can cause a reversible phase loss making the coherently
summed spin coherence ρ′ to decay faster than the in-
coherently summed spin coherence ρ. However, this ef-
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FIG. 1: Typical time evolution of spin density ∆N (dot-
ted curve), the incoherently summed spin coherence ρ (solid
curve) and coherently summed spin coherence ρ′ (chained
curve) for the case of T = 120 K, B = 4 T, N = 4 × 1011
cm−2 and Ni = 0.
fect can be inhibited by the strong scattering. To elim-
inate the effect of the inhibition by strong scattering,
we study the case of T = 120 K, N = 4 × 1011 cm−2
and Ni = 0 with no Coulomb electron-electron scatter-
ing included and plot the oscillating period of each k
state in Fig. 2. In this case, the total scattering is rela-
tively weak, coming out exclusively from the scattering
by phonons, and we can see that electrons with differ-
ent momentum states do have different oscillating pe-
riods although the electron-LO-phonon scattering makes
the oscillating period changing with the period of one LO
phonon frequency as the difference of the diameters of the
nearest two concentric circles differs exactly by one LO
phonon frequency. However, even in this case, the con-
tribution of the inhomogeneous broadening is very weak.
As discussed in Ref. 19 the inhomogeneity of precession
frequencies makes a contribution of 2/δωI to the total
spin dephasing time if the inhomogeneous lineshape is
assumed to be Gaussian. Here δωI represents the root of
the mean square of the precession frequencies and can be
written as: δωI =
√P
k
(ωk−ω¯)2fkP
k
fk
, with ω¯ =
P
k
ωkfkP
k
fk
and
fk representing the Fermi distribution. In this case the
2/δωI we calculated is 308 ps, while the total T2 is only
35 ps. Therefore, the contribution of the inhomogeneity
can be omitted and the difference between T2 and T
∗
2 is
still very small.
Furthermore, when we include the Coulomb scattering
in this system, we find that electrons in each momentum
state has the same oscillating period of 40 ps, which is
exactly equals to the Larmor period induced by the mag-
netic field and also the oscillating period of ρ and ρ′. The
inhomogeneous broadening is suppressed and T2 equals
T ∗2 .
We further check this result with different tempera-
tures, electron densities and impurity densities. We find
that T1 = T2 = T
∗
2 is valid in a very wide range of tem-
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FIG. 2: (Color online) The contour plot of oscillating period
vs kxk/k
2
F and kyk/k
2
F with kF representing the Fermi wave
vector and k = |k| for the case of T = 120 K, B = 4 T,
N = 4×1011 cm−2 and Ni = 0. There is no electron-electron
Coulomb scattering in the calculation.
perature from 10 K to 300 K, and electron densities from
2 × 1010 to 4× 1011 cm−2. Including the impurity scat-
tering will not change this result. Even in the case of
T = 10 K, with the total electron density N = 2 × 1010
cm−2 and without the impurity and the Coulomb scat-
tering, where the electron-AC-phonon scattering is the
dominant scattering, the difference obtained between T1,
T2 and T
∗
2 is still less than 6 %.
In conclusion, we have investigated the spin relaxation
and the spin dephasing of electrons in n-type GaAs quan-
tum wells and calculate T1, T2 and T
∗
2 by numerically
solving the kinetic spin Bloch equations. We have ob-
tained that they have the same value in a very wide range
of temperatures, electron densities and the impurity den-
sities and we have shown that this behavior is due to the
short correlation time. More experiments such as the
spin echo experiment20 are needed to check the findings
here.
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